Abstract: Tb 3+ -doped aluminum borosilicate glass is a promising magneto-optical material that can be used to fabricate Faraday rotating devices. In this paper, we report the fabrication of an optical ridge waveguide structure in the Tb 3+ -doped aluminum borosilicate glass by using a combination of femtosecond laser ablation and ion implantation. The end-face microscopic photographs of the waveguide were acquired by the optical microscope. The effective refractive indices of the modes and near-field intensity distributions were measured by the prism-coupling and end-face coupling techniques. The distributions of energy loss, refractive index, and light intensity were simulated by the stopping and range of ions in matter 2013, reflectivity calculation method, and finite-difference beam propagation method. The results provide a new idea for the fabrication of waveguide-type magneto-optical isolators.
Introduction
The reverse propagation light in the optical circuit has a negative effect on the light source and the optical system. An optical isolator is a passive optical device that only allows light to pass in one direction. Its function is to prevent the reverse propagation light caused by various reasons, thereby improving the efficiency of the light propagation. With the further development of optical communication technology, people have also put forward higher requirements for optical isolator performance indicators including integration and functionalization. Therefore, the study of a new generation of optical isolator has become the need for optical communication system. On the other hand, the optical waveguide is a basic unit of integrated optics. Therefore, the waveguide isolator that combines the properties of an isolator and an optical waveguide has gradually become a research hotspot. An optical waveguide structure fabricated in a Faraday magneto-optical material is the basis of achieving the waveguide isolator [1] - [9] .
There are many fabrication methods for optical waveguides, such as ion implantation/irradiation, ion exchange, metal ion diffusion, femtosecond laser inscription [10] - [14] and so on. As a mature material modification technique, ion implantation is widely applied in the formation of optical planar waveguides [15] , [16] . In addition, compared with a planar (one dimension) waveguide, a ridge waveguide (two dimensions) can limit the propagation of light in two dimensions and is easier to couple with an optical fiber [17] . The applications of the ridge waveguide are more widely in the integrated optical circuits [18] . Therefore, ion implantation must be combined with other techniques, such as diamond blade dicing, wet etching, laser ablation and so on, to construct a ridge waveguide structure [19] . The femtosecond laser ablation is a competitive technique because it has a very short pulse and can quickly ablate a specific portion on the surface of the sample [20] - [23] . Compared with the more commonly used method (such as lithography), no mask is necessary for the preparation process. Therefore, the combination of ion implantation/irradiation and femtosecond (fs) laser ablation technique has become a popular technique to fabricate ridge waveguide structures [24] .
Magneto-optical glass is an optical functional material newly developed in recent decades. Due to its own Faraday effect, it has been widely used in optical isolators, circulators and other magneto-optical devices [25] , [26] . Compared with magneto-optical crystals including Y 3 Fe 5 O 12 and Gd 2 BiFe 3 O 12 , the magneto-optical glasses have superior magneto-optical performances, simple preparation, low cost, and easy formation of large size [27] , [28] . Therefore, the development prospect of the magneto-optical glass will be broad in the future. In the present experiments, the Tb 3+ -doped aluminum borosilicate glass (Tb 2 O 3 -SiO 2 -Al 2 O 3 -B 2 O 3 ) was applied to fabricate an optical ridge waveguide structure. In magneto-optical materials, the Verdet constant is an important parameter. The Verdet constant of the Tb 3+ -doped aluminum borosilicate glass is −0.33 min/Oe/cm at a wavelength of 632.8 nm [29] . Because of its non-magnetic saturation, high transmittance, low nonlinear index, good material uniformity and high Verdet constant, the Tb 3+ -doped aluminum borosilicate glass can be used as a material for fabricating optical ridge waveguide.
In this work, we report on the fabrication of a ridge waveguide in the magneto-optical glass by combining ion implantation and femtosecond laser ablation for the first time to our knowledge. The characteristics of the waveguide have been measured and discussed in detail.
Experiments
The Tb 3+ -doped aluminum borosilicate glass was prepared by the traditional melt-quenching method. The composition of the magneto-optical glass is SiO 2 -B2O 3 -Al 2 O 3 -Tb 2 O 3 . The size of the experimental sample is 10.0 mm × 10.0 mm × 1.0 mm. In order to reduce the scattering loss that is due to the unevenness of the surface, the sample was optically polished before the waveguide fabrication. And the refractive index of the Tb 3+ -doped aluminum borosilicate glass was measured by using the prism coupling method before the ion implantation.
There are two steps to fabricate an optical ridge waveguide. Firstly, the polished surface (10 mm × 10 mm) of the sample was implanted with Si ions having an energy of 6.0 MeV and a dose of 2.0 × 10 15 ions/cm 2 at room temperature. The energy was chosen based on the desired thickness of the magneto-optical glass waveguide and the fluence was selected in consideration of the damage ratio. The ion implantation process is shown in Fig. 1(a) . To avoid the channel effect, the normal direction of the glass surface was at an angle of 7°to the direction of the incident ion beam during the ion implantation process. The ion current density was limited to 50 nA/cm 2 to prevent the thermal effect. The ion implantation was performed on a 2 × 1.7 MV tandem accelerator at Peking University. After the ion implantation, a planar optical waveguide structure was fabricated on the Tb 3+ -doped aluminum borosilicate glass surface. Secondly, in order to fabricate a ridge waveguide, we utilized a Ti: Sapphire laser system with a repetition rate of 1 kHz, which delivered 220 fs pulses and linearly polarized at 800 nm, to ablate the previous ion-implanted surface. Fig. 1(b) shows the process of the ridge waveguide fabrication. The sample was placed at a three-dimensional adjustment platform with a spatial resolution of 0.2 µm. The femtosecond laser was focused on the surface of the sample through a 20 × microscope objective (N.A. = 0.4) and ablated at a scanning speed of 200 µm/s. After the femtosecond laser ablation, a ridge structure was fabricated on the planar optical waveguide. Then, for the purpose of improving the optical qualities (such as propagation properties) of the waveguide, the sample was annealed at 260°C for 60 min in air. It was because that 260°C was within the moderate annealing temperature range (200-400°C) and smaller than the Tg (transition temperature) of the magneto-optical glass.
After the ridge waveguide was fabricated, we characterized the properties of the waveguide. In order to study the layer area distribution of the waveguide, we used an optical microscope to observe the end face of the waveguide. The dark-mode spectrum of the waveguide at a wavelength of 632.8 nm was measured by a Model 2010 Prism Coupler. The near-field intensity distribution of the waveguide was captured by the end-face coupling device. Fig. 2 shows the schematic diagram of the end-face coupling device. The light from the He-Ne laser/semiconductor laser was coupled into the waveguide through the first × 25 microscope objective lens. And then the light transmitted from the waveguide was imaged onto a CCD camera through the second × 25 microscope objective lens. The two lenses and waveguide were installed on three-dimensional translation stages, respectively. Fig. 3(a) shows the end-face microscopic photograph of the silicon-implanted Tb 3+ -doped aluminum borosilicate glass, which was acquired by the optical microscope. Obviously, three distinct layers can be seen in the microscope image, where the middle is the planar waveguide formed by the ion implantation. The thickness of the waveguide layer is about 2.1 µm. Fig. 3(b) exhibits the microscope image of the ridge waveguide. It can be seen that an optical ridge waveguide with a width of 7.1 µm is produced on the planar waveguide after the fs laser ablation. In addition, the sidewalls of the ridge waveguide are relatively smooth and the roughness is estimated to be 0.5 µm.
Results and Discussion
In order to explore the implantation depth and the energy losses of the 6.0 MeV Si ions in the Tb 3+ -doped aluminum borosilicate glass, we simulated the ion implantation process by using the Stopping and Range of Ions in Matter (SRIM) 2013 code [30] , as shown in Fig. 4 . From the figure we can see, in the range of 0 ∼ 1.5 µm, the main loss of the Si ion implantation is the electronic energy loss and the peak value is 5.00 keV/nm on the surface of the sample. However, in the range of 1.5 ∼ 2.5 µm, the nuclear energy loss is dominant and the maximum value reaches 0.77 keV/nm at the depth of 2.08 µm, which is in agreement with the waveguide thickness in Fig. 3(a) . It suggests that an optical barrier is formed at the end of the ion range due to the nuclear energy loss. Fig. 5 shows the dark-mode spectrum of the silicate-implanted Tb 3+ -doped aluminum borosilicate glass waveguide by the prism coupling method. There are two modes excited in the waveguide and their effective refractive indices are 1.7525 and 1.7477 at 632.8 nm. The dotted line in the Fig. 5 illustrates that the substrate refractive index of the glass is 1.7384. By comparing the refractive indices of the modes and the substrate, we can find that the effective refractive index of the each waveguide mode is higher than that of the substrate. It indicates that ion implantation forms a waveguide structure with an increased refractive index.
Because the refractive index distribution of a waveguide is more difficult to be measured directly by experiments, so we used the reflectivity calculation method (RCM) [31] to reconstruct the refractive index profile. The RCM is a technique that is proposed by Chandler and Lama to simulate the refractive index distribution of a waveguide, as shown in Fig. 6 . From the figure we can see, the refractive index increases by about 0.8% in the region of 0 to 2.0 µm and reduces by about 0.13% at the end of the ion implantation track. It means a refractive index increasing-type waveguide structure is formed owing to the ion implantation. The refractive index distribution of the waveguide is a typical "well" + "barrier" type. Table 1 lists the effective refractive indices of the measured and calculated modes. As we can see, the differences between the experimental and the calculated values are on the order of 10 −3 , which indicates that the simulation of the RCM is better. Fig. 7(a) depicts the light intensity distribution of the TE 0 mode simulated by the finite-difference beam propagation method (FD-BPM), which is based on the refractive index distribution of the waveguide [32] . Obviously, the width in the vertical direction is approximately 2.0 µm, which is the same as the thickness of the waveguide layer in Fig. 3(a) . Fig. 7(b) shows the near-field intensity distribution of the TE 0 mode by using the end-face coupling method. It can be seen from the figure that the silicon-implanted Tb 3+ -doped aluminum borosilicate glass waveguide can better confine the propagation of light. The distribution of the light intensity is uneven in the figure, which is mainly due to the poor polishing. By comparing Fig. 7(a) with Fig. 7(b) , we can see that the calculated intensity distribution is in agreement with the measured one, which shows that the near-field light intensity distribution based on the refractive index distribution of the waveguide is reasonable. Fig. 7(c) shows the near-field intensity distribution of the ridge waveguide at 976 nm measured by the end-face coupling method. The measured mode profile suggests that the distribution of the near-field intensity is consistent with the structure of the ridge waveguide in Fig. 3(b) . Propagation loss is a pretty important parameter for a waveguide and measured by the end-face coupling technique in the work. The propagation losses in the planar and ridge waveguides are estimated to be 2.3 dB/cm and 3.4 dB/cm, respectively. It can be seen that the side wall roughness induced by the femtosecond laser ablation resulted in additional scattering loss for the ridge waveguide.
Conclusion
In conclusion, a ridge waveguide in the Tb 3+ -doped aluminum borosilicate glass has been fabricated by using a combination of femtosecond laser ablation and ion implantation. The end-face microscopic photograph of the waveguide shows that the thickness of the waveguide layer is about 2.1 µm. The simulation of the RCM suggests that the refractive index distribution of the waveguide is a typical "well" + "barrier" type. The near-field intensity distribution of the TE 0 mode at 632.8 nm indicates that the waveguide can better confine the propagation of light. The measured mode intensity distribution at 976 nm in the ridge waveguide suggests that the light propagation could be remarkably confined in two dimensions. The research has important value for fabricating waveguide-type magneto-optical isolator.
